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Neutrinos produced as muon neutrinos will oscillate
into electron and tau neutrinos because the ﬂavor eigen-
states are superpositions of three mass eigenstates with
diﬀerent masses. These diﬀerent mass states accumu-
late relative phase diﬀerence as they travel, so when the
neutrino is detected the superposition of mass states will
be diﬀerent and a mixture of diﬀerent ﬂavor states will
be observed. The probability of a muon neutrino with
energy Eν to remain a muon neutrino after traveling a
distance L is given by,
P(νμ → νμ)  1 − 4 cos2(θ13) sin2(θ23)
[1 − cos2(θ13) × sin2(θ23)]
sin2(1.267Δm2L/Eν), (1)
where θ13 and θ23 are mixing angles from the PMNS [1–
4] matrix and Δm2(eV2/c4) is the relevant neutrino ‘at-
mospheric’ mass-squared splitting: Δm232 = m
2
3 −m22 for
normal hierarchy (NH), or Δm213 = m
2
1 −m23 for inverted
hierarchy (IH). The mixing angle θ23 has been found
by previous measurements [5–10] to be close ‘maximal
mixing’ with a value of approximately π/4. The pre-
cise value of this angle can constrain models of neutrino
mass generation so there is interest in whether or not the
angle is less than, equal to, or greater than π/4 [11–16].
In these proceedings we present a measurement of os-
cillations using muon neutrino disappearance with T2K
using data corresponding to 6.57 × 1020 protons on tar-
get. Using a data set twice as large as our previous re-
sults [5] and new selections in the ND280 near detector
which can better constrain the various neutrino charged
current (CC) interaction channels. We also consider for
the ﬁrst time in our analysis the eﬀect of potential mult-
inucleon interactions which can cause the incorrect en-
ergy to be reconstructed, potentially biasing the mea-
surement of oscillations.
T2K [17] is a long-baseline neutrino oscillation ex-
periment, consisting of neutrino beam from J-PARC,
a near detector complex 280 m downstream of the tar-
get, and Super-Kamiokande (SK) as the far detector 295
km away. The beam is produced by colliding 30 GeV
protons with a thick graphite target, creating charged
mesons in the breakup of the carbon atoms. The pos-
itively charged pions and kaons are then focused back
towards the axis of the proton beam by a series of three
magnetic horns. The mesons then pass into a helium-
ﬁlled decay volume where they decay producing a beam
or primarily muon neutrinos. The beam is directed 2.5◦
away from SK, taking advantage of the relationship be-
tween angle and energy in the decay or boosted pions to
give more sharply peaked energy spectrum [18]. This
oﬀ-axis spectrum has more events close to the oscilla-
tion maximum (about 650 MeV) and a much smaller
high energy tail, the source of most NC backgrounds.
The oﬀ-axis angle is monitored by the on-axis IN-
GRID detector [19] which uses iron and scintillator
detectors to sample a wide proﬁle of the beam. The
ND280 oﬀ-axis detector [17] sits at the same angle from
the beam as SK and samples the beam composition and
energy spectrum before oscillations have developed. It
is a multi-part detector consisting of a central tracker
region with active scintillator targets (Fine-Grain De-
tectors) [20] and Argon-gas TPCs [21], a surrounding
electromagnetic calorimeter [22], and a water and scin-
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Figure 1: The momentum and angular distributions for muons in the
CC-0π sample at ND280. The MC predictions before and after the
ND280 ﬁt are overlaid on both ﬁgures.
tillator π0 detector (PØD) [23]. The whole detector
is contained inside the UA1 magnet which provides a
0.2 T magnetic ﬁled and is instrumented with scintil-
lator to detect in-coming and out-going muons (Side
Muon Range Detectors) [24]. The far detector, Super-
Kamiokande [25], is a 50 ktonne water Cherenkov de-
tector instrumented with 11,129 20-inch PMTs (40%
photo-coverage). It measures the neutrino spectrum af-
ter oscillations have occurred.
The ﬁrst step in the analysis for oscillations is to
model the neutrino ﬂux and neutrino interactions. The
ﬂux is modeled using a combination of FLUKA [26, 27]
to simulate interactions in the target and GEANT3 to
transport the particles through the focusing horns and
allow them to decay, as well as handle any secondary
interactions. The ﬂux model is constrained to external
data sets, particular NA61 measurements of pion and
koan production oﬀ of carbon [28, 29]. These exter-
nal data sets are used to reweight the simulation and to
determine initial systematic uncertainties. The neutrino
interactions, include the initial neutrino-nucleus cross
section as well as any ﬁnal state nuclear eﬀects, are sim-
ulated using the NEUT [30] package. The neutrino in-
teraction models are then tuned to external datasets, pri-
marily from MiniBooNE [31]. These external ﬁts adjust
the cross-section parameters and set their initial system-
atic uncertainties [32].
The second step in the analysis is to ﬁt the ND280
neutrino data to constrain these ﬂux and cross-section
parameters. We select data with negatively charged
muon tracks and vertices in the ﬁrst Fine-Grain Detec-
tor. This data is divided up into three samples which
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Figure 2: The reconstructed energy spectrum for single-ring μ-like
events at SK. Top: The observed spectrum and expected spectrum
with interaction modes, shown assuming the T2K best ﬁt for the MC.
Bottom: The ratio of the observed spectrum (points) and the best os-
cillation ﬁt (solid) to the no-oscillation hypothesis.
separate out diﬀerent cross-section components. The
CC 0π sample contains 64% CC quasi-elastic events,
the CC 1π+ sample is 40% resonant pion production
events, and the CC other sample is 68% deep inelas-
tic scattering events. Fitting this data sample introduces
correlations between the ﬂux and cross section, but sig-
niﬁcantly reduces the uncertainty on the total expected
rate at the far detector from more than 20% to 2.7%.
The third step is to select CCQE muon neutrinos in
SK. We require events to have a single muon-like ring.
Muon-like like rings have a sharp outer edge as opposed
to the fuzzy outer edge of the rings produced by electron
showers. Events are also required to have no more than
one decay electron since additional electrons would be
evidence of a below-threshold pion in the event. The ﬁ-
nal selected sample contains 120 events with a predicted
purity of 98.5% CCνμ. The CCQE kinematics can then
be used to reconstruct the energy of the incident neu-
trino using the the reconstructed muon momentum pμ
and the angle relative to the beam direction θbeam,
Eν =
m2p − m′n − m2μ + 2m′nEμ
2
(
m′n − Eμ + pμ cos θbeam
) (2)
where Eμ is the total muon energy, mp and mμ are the
proton and muon masses, and m′n is the neutron mass
minus the neutron binding energy. The energy spectrum
is shown in ﬁg. 2.
The ﬁnal step is to ﬁt the neutrino energy spec-
trum for oscillations. We use an unbinned maximum
log-likelihood ﬁt for sin2 θ23 and Δm232 (Δm
2
13). We
ﬁt separately for the normal and inverted hierarchy
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Figure 3: The 68% and 90% C.L. conﬁdence regions for sin2(θ23) and
Δm232 (NH) or Δm
2
13 (IH). The SK [33] and MINOS [10] 90% C.L.
regions for are shown for comparison. T2K’s 1D proﬁle likelihoods
for each oscillation parameter separately are also shown at the top
and right overlaid with light blue lines and points representing the 1D
−2Δ lnLcritical values for NH at 68% and 90% C.L.
assumptions and include 45 systematic uncertainties
related to ﬂux, cross section, ﬁnal state nuclear ef-
fects, and detector performance as nuisance parame-
ters. The best ﬁt in the normal (inverted) hierarchy
is at sin2 = 0.514+0.055−0.056 (sin
2 = 0.511 ± 0.055) and
Δm232 = 2.51 ± 0.10 (Δm213 = 2.48 ± 0.10). This best
ﬁt point is close to the point of maximal disappearance
which occurs when sin2 θ32 = 0.5/ cos2 θ13 = 0.513
with sin2 θ13 = 0.0251 [34]. The one-dimensional er-
rors are determined using a Feldman-Cousins [35] and
Cousins-Highland [36] type technique which marginal-
izes over the other oscillation parameter. The two di-
mensional contours shown in ﬁg. 3 are drawn using a
similar technique, but without marginalizing.
We consider for the ﬁrst time in this analysis the po-
tential bias in our oscillation results due to interactions
with multiple nucleons. There is signiﬁcant interest in
these models as possible explanations for the discrep-
ancies in measurements of the CCQE cross section be-
tween experiments on diﬀerent target nuclei [37–56].
These interactions will look like CCQE events in SK
since both kicked out protons will be below Cherenkov
threshold, but they have diﬀerent kinematics and so will
introduce a bias in reconstructed neutrino energy, see
ﬁg. 4.
We studied this eﬀect in our analysis using many
high-statistics toy experiments with randomly chosen
systematic errors. Fake data was produced for both near
and far detector with multinucleon components [56],
and then the standard near and far detector ﬁts were per-
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Figure 4: The diﬀerence between the reconstructed energy assuming
QE kinematics and the true neutrino energy. True QE events with
energies below 1.5 GeV show little bias while multinucleon events
based on [56] and NEUT pionless Δ-decay (shown scaled up by a
factor of ﬁve) are biased towards lower energies.
formed so any cancellations between detectors could be
accounted for. The results of these studies show little
mean bias in either Δm2 or sin2 θ23, though the width of
the distribution of observed biases in sin2 θ23 was sim-
ilar in size to our other systematic uncertainties. This
potential uncertainty is small relative to our current sta-
tistical uncertainty and so is not included in the current
analysis, but a proper multinucleon model with system-
atic uncertainties will be included in future T2K analy-
ses.
Using 6.57 × 1020 POT, T2K has made the most pre-
cise measurement of sin2 θ23 and favors a value near
maximal disappearance. We have considered the poten-
tial bias in our results due to multinucleon interactions
and ﬁnd that it is small relative to our current statisti-
cal uncertainties. The current measurement is domi-
nated by statistical uncertainties, so as T2K continues
to accumulate more data, the precision on both Δm2 and
sin2 θ23 is expected to continue to improve signiﬁcantly.
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